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Field of Invention 

[0001] The present invention relates to a digital filter for use in analog-to-digital converters. 

More particularly, the present invention relates to a method and digital filter circuit for 
facilitating a fast-settling time for input data. 

t Background of the Invention 
[000^1 The demand for more reliable integrated circuit components for use in 

„ communication, instrumentation and high-quality video applications continues to increase. 

; As a result, integrated circuit manufacturers are requiring for such components and devices 
; ; to meet the design requirements of a myriad of emerging applications. In particular, 
>"* integrated circuit manufacturers are requiring analog-to-digital converters and related 
components to continue to improve data rates, noise reduction, and accuracy. 
[0003J A popular technique for implementing analog-to-digital converters includes the use 

of delta-sigma modulation wherein an analog voltage is input to a delta-sigma modulator. 
Such modulators produce noise, e.g., quantization and thermal noise, which must be filtered 
out by the digital filter. The digital filter generally uses decimation in the filtering process, 
with the result that the digital data is processed at a much slower rate than the output rate of 
the modulator, e.g., by digitally converting the sampling rate of the signal from a given rate 
to a lower rate. This filtering process is generally operable to remove large amounts of noise 
at the cost of reducing the bandwidth of the analog-to-digital converter. 
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[0004] While these delta-sigma analog-to-digital converter techniques can provide lower 

noise characteristics, these techniques can result in slower settling times, i.e., present 
techniques, although capable of reducing noise, can provide increases in the response time of 
the digital filter resulting from changes in the input signal, and thus have an undesirable 
amount of delay before valid data is provided to the analog-to-digital converter. 
[0005] One approach for improving the settling time is disclosed in U.S. Patent No. 

5,777,911, for "Digital Filtering System", issued July7, 1998 to Sherry et al. ("Sherry 
reference"). The Sherry reference discloses the use of two filters configured in series, 
wherein the first filter is configured to operate at a fixed rate while the second filter is 
_ configured to operate at an adjustable rate. During operation, the second filter is receiving 

* output samples from the first filter and averaging those samples to provide an averaged 

* output signal. This operation can result in an increased settling time, but also with a higher 
resolution. As the input signal provides a step change, the step change is detected at the 

s • output of the first filter. As a result, the second filter will flush the currently averaged 

* samples, and thereafter begin sampling and averaging only the new data using a faster 
settling time. 

[0006] While the Sherry reference discloses a technique which attempts to address the above 

problems regarding the increased settling time of digital filters, there are drawbacks. For 
example, the technique uses two filters operating in series, with the first filter operating at a 
fixed rate having an undesirable additional delay. To address this additional delay, the 
Sherry technique requires that the modulator, in addition to the second filter, operate at a 
higher data rate, which results in higher power consumption. 

[0007] With reference to Figure 1, a block diagram of a multiplexed, delta-sigma modulator 

and digital filter for an analog-to-digital converter is illustrated. A multiplexor 102 is 
coupled with multiple input channels to provide an output from the selected input channel to 
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a modulator 104 and a digital filter 106. A problems arises as the input channel is switched 
at multiplexor 102. When this switching of input channels occurs, the analog-to-digital 
converter must wait for digital filter 106 to settle before valid data can be received and 
processed. Digital filter 106 can comprise various types of filters having a built-in delay. 
For example, digital filter 106 can comprise a sinc x -type filter, such as a sine 3 -type filter 
disclosed by E.B. Hogenauer in "An Economical Class of Digital Filters for Decimation and 
Interpolation", IEEE Transmission, Acoustics, Speech, Signal Processing, vol. ASSP-29, pp. 
155-162, April 1981. 

[0008] Accordingly, while the input channel can be switched from a first channel to a 

; second channel to receive new input data signals, the analog-to-digital converter must wait 
=; for the settling time of the digital filter to be completed before accurate data can be received 
; from a different input channel. This delay in waiting for valid data can be greatly affected 
by the type of modulator 104 selected, which dictates the group delay of digital filter 106. 
, 7 For example, in many applications the group delay can be 4 or 5 or more, such as 
* applications requiring a sinc-type filter comprising a four or higher-delay filter that needs 
four or five cycles to settle before valid data can be read. 
[0009] Other attempts for providing a faster response or more accurate digital filter have 

included the implementation of a faster settling sine 1 filter in addition to a default sine 3 filter, 
wherein the user can toggle between the two sine filters depending on whether the 
application requires faster settling and less accuracy or slower settling and higher accuracy. 
However, such an approach does not provide a smooth transition between the two filters, but 
instead provides, at best, an option between a faster settling and lower resolution filter or a 
slower settling and higher resolution filter, rather than a composite filter including 
characteristics of both filters. 
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[0010] Accordingly, a need exists for a fast-settling digital filter technique and circuit for 

facilitating a faster response time to changes in the input channel of multiplexed, delta-sigma 
analog-to-digital filter. 

Summary of the Invention 
[0011] The method and circuit according to the present invention addresses many of the 

shortcomings of the prior art. In accordance with various aspects of the present invention, a 
technique and circuit is provided for facilitating a faster settling time for a digital filter for 
use in an analog-to-digital converter. In accordance with one aspect of the present invention, 

z an exemplary technique utilizes a composite filter comprising a faster settling, lower noise 
resolution filter in a parallel configuration with a slower settling, higher noise resolution 

* filter. During operation, the faster settling filter can receive the initial sample of data and 
provide a filtered output signal, while the slower settling filter can receive and filter 

f subsequent samples of data to provide a filtered output signal. As a result, valid data can be 

1 received faster for processing by the analog-to-digital converter. 
[0012] In accordance with an exemplary embodiment of the present invention, a digital filter 

circuit can comprise a composite three filter configuration comprising a fast-settling, low 
resolution first filter, a slower-settling, higher resolution second filter, and an even slower- 
settling, even higher resolution third filter, each of the filters configured in a parallel 
arrangement. Additional or fewer filters can also be provided in accordance with various 
other exemplary embodiments. The digital filters can also comprise various types of filters, 
such as, for example, sinc-type filters, and/or include various delay configurations. 
[0013] In accordance with another aspect of the present invention, the gain of each filter 

path can be suitably matched to the gain of any other filter path in the digital filter circuit to 
provide a filter output having an equalized gain regardless of the filter path selected. In 
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accordance with this aspect of the present invention, a filter path is suitably configured with 
a multiplier component such that an equalized gain can be realized for each filter path. 

[0014] In accordance with another aspect of the present invention, the various filters of the 

digital filter circuit can be configured within the parallel arrangement to provide reduce 
layout requirements through the sharing of components. For example, a second filter can 
share at least two integrators with the third filter, and the first filter can share at least one 
integrator with the third filter. 

[0015] In accordance with another aspect of the present invention, the digital filter can be 

suitably configured for operation in various industrial applications. For example, the first 
filter can be suitably configured with a notch filter configured to replace the first, third and 
= other odd harmonic notches of the first filter. 

Brief Description of the Drawings 

100 If] A more complete understanding of the present invention may be derived by referring 

* to the detailed description and claims when considered in connection with the Figures, where 

* like reference numbers refer to similar elements throughout the Figures, and: 

[0017] Figure 1 illustrates a block diagram of a prior art multiplexor, modulator and filter 

circuit; 

[0018] Figure 2 illustrates a block diagram of a digital filter circuit in accordance with an 

exemplary embodiment of the present invention; 
[0019] Figure 3 illustrates a graph of exemplary output characteristics of an exemplary filter 

circuit in accordance with the present invention; 
[0020] Figure 4 illustrates a block diagram of a digital filter circuit in accordance with 

another exemplary embodiment of the present invention; 
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I 0021 J Figure 5 illustrates a block diagram of an exemplary digital filter configuration in 

accordance with an exemplary embodiment of the present invention; 

[0022] Figure 6 illustrates a block diagram of another exemplary digital filter configuration 

in accordance with an exemplary embodiment of the present invention; and 

[0023] Figure 7 illustrates an graph of an exemplary filter response for an exemplary 

embodiment of a filter circuit in accordance with the present invention. 

Detailed Description of Exemplary Embodiments of the Invention 
[0024] The present invention may be described herein in terms of various functional 

components and various processing steps. It should be appreciated that such functional 
components may be realized by any number of hardware or structural components 
'■i configured to perform the specified functions. For example, the present invention may 
employ various integrated components, e.g., buffers, voltage references, current mirrors, 
signal processors and the like, comprised of various electrical devices, e.g., resistors, 
= transistors, capacitors, diodes and other components whose values may be suitably 
! 4 configured for various intended purposes. In addition, the present invention may be 
practiced in any integrated circuit application where a fast-settling digital filter can be 
utilized. Such general applications that may be appreciated by those skilled in the art in light 
of the present disclosure are not described in detail herein. However for purposes of 
illustration only, exemplary embodiments of the present invention will be described herein in 
connection with a multiplexed, delta-sigma analog-to-digital converter. Further, it should be 
noted that while various components may be suitably coupled or connected to other 
components within exemplary circuits, such connections and couplings can be realized by 
direct connection between components, or by connection or coupling through other 
components and devices located therebetween. 
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[0025] As discussed above, prior art techniques for filtering signals for delta-sigma analog- 

to-digital converters have resulted in slower settling and response times of the digital filters. 
In addition, previous attempts for addressing the slow settling and response time problems 
include the providing of additional fixed delays which result in the need for higher data rates 
and power consumption. Other techniques have included the implementation of a sinci filter 
in addition to a sine 3 filter to provide a choice of one of a faster settling, less accurate filter 
or a slower settling, more accurate filter. However, in accordance with various aspects of the 
present invention, a technique and circuit is provided for facilitating a faster settling and 
response time for a digital filter for use with an analog-to-digital converter. 
[0026] In accordance with one aspect of the present invention, an exemplary technique 

_ utilizes a composite filter comprising a faster settling, lower noise resolution digital filter in 
I a parallel configuration with a slower settling, higher noise resolution digital filter. In 
accordance with this aspect, as the input channel is changed from one channel to another 
= channel, the faster settling, lower noise resolution filter can suitably receive and filter the 
, ; initial sample of data to provide an output data to the analog-to-digital converter. This data 
i»* output resulting from the faster settling, lower noise resolution filter comprises accurate and 
valid data, but due to the lower noise resolution, may provide more noisy data. For a second 
or later sample of data, the slower settling, higher noise resolution digital filter is suitably 
selected to provide the output of data to the analog-to-digital converter after filtering the 
data. This second or later sample output of data is less susceptible to noise than the data 
provided by the faster settling, lower noise resolution filter. As a result, the composite 
digital filter circuit, i.e., the composite output of the two digital filters, realizes a faster 
settling time than prior art filters, and can suitably provide valid data to the analog-to- digital 
converter quickly after switching input channels at the multiplexor. 
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[0027] In accordance with an exemplary embodiment of the present invention, a composite 

digital filter circuit can comprise two or more filters configured in a parallel arrangement, 
wherein at least one of the filters comprises a faster settling, lower noise resolution digital 
filter while at least one other of the filters comprises a slower settling, higher noise 
resolution digital filter. For example, a composite digital filter circuit can comprise a three- 
filter configuration including a fast-settling, low noise resolution first filter, a slower- 
settling, higher noise resolution second filter, and an even slower-settling, higher noise 
resolution third filter, with each of the filters configured in a parallel arrangement. Further, a 
fourth, a fifth or additional filters can also be included within the parallel arrangement, with 
; each successive filter comprising an even slower- settling, but higher resolution filter. Still 
: further, the digital filters can comprise various type of filters, such as sinc-type filters, and/or 
J include various delay configurations. 
[0028] In addition, the group delay for each of the filters can be suitably configured 

. - according to the type of modulator utilized with the digital filter circuit. For example, for 

la* 

applications comprising a second order modulator, the slower settling, higher resolution 
< 4 * digital filter can also comprise the same order delay filter, such as a two-delay filter. To 
improve the noise performance, applications can include a higher delay filter, for example a 
four or five-delay filter with the second order modulator. In addition, while such higher 
delay filters can be utilized, it should be noted that diminishing returns can be realized for 
sine filters configured more than one delay higher. In other words, the digital filter can be 
sufficiently configured with only one delay higher than the order of the modulator, such as 
with applications comprising a third order modulator configured with a slower settling, 
higher resolution digital filter having a fourth order delay. 
[0029] To facilitate a more detailed explanation of a digital filter circuit and technique in 

accordance with the present invention, with reference to Figure 2, an exemplary composite 
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digital filter circuit 200 is illustrated. Digital filter circuit 200 suitably comprises a 
composite filter including a first filter 202, a second filter 204 and a third filter 206, with 
each of filters 202, 204 and 206 being configured in a parallel arrangement, e.g., each of 
filters 202, 204 and 206 can be configured to receive a modulator output, and to provide a 
single filter output. 

[° 03 °] In accordance with this exemplary embodiment, first filter 202 suitably comprises a 

one- delay filter, i.e., a filter configured to provide valid data after one clock cycle, one data 
rate, or one time unit occurs, and thus provide a fast settling or response time. While first 
filter 202 can provide valid data after a single cycle, the data output will contain more noise 

1 than filters 204 and 206. Second filter 204 suitably comprises a higher delay filter such as a 
, J two-delay filter configured to provide valid data after a second clock cycle occurs, and thus 

2 comprises a slower settling or response time than filter 202, but with less noise from a 
modulator. Meanwhile, third filter 202 suitably comprises a higher delay filter such as a 
three-delay filter, i.e., a filter configured to provide valid data after a third cycle of data 

% occurs, and thus comprises an even slower settling time, but is even less susceptible to noise. 
[0031] Filters 202, 204 and 206 can suitably comprise various types of filter configurations 

with various types of delay. In accordance with an exemplary embodiment, filters 202, 204 
and 206 can suitably comprise sinc-type filters, i.e., a filter having a sine function (sin x/x). 
In addition, filters 202, 204 and 206 can comprise sinc x -type filters, such as Hogenauer 
sinc x -type filters which can output data at 1/x of the settling rate. The sinc x -type filters can 
also comprise various delay configurations, such as a sine 3 filter having a three delay 
configuration to settle in three delay cycles, a sinc 3 -type filter having a one-delay 
configuration which settles three times as long as a sinc J -type filter, or any other like or in 
between delay configurations. 
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[0032J To improve the efficiency, filters 202, 204 and 206 can include decimation to reduce 

the output rate as compared to the input data rate. For example, while a modulator may be 
configured to sample at a rate of lMhz, filters 202, 204 and 206 can be configured to provide 
data at a lower rate, such as at IKhz. Thus, filters 202, 204 and 206 can be configured to 
address noise, such as the noise created by the quantization of the modulator, through 
averaging of the input data received. In addition, any form or configuration of decimation 
can be included within filters 202, 204 and 206, for example, filter 202 may average 100 
samples, filter 204 may average 200 samples, and filter 206 may average 300 samples, or 
any other arrangement of the number of samples may be suitably implemented before 
:~ providing an output of data. 
[0033J Each of filters 202, 204 and 206 are configured to provide output data after every 

^ cycle in composite filter 200. However, depending on the settling time of each filter, valid 
data may not be available from each filter until more than one data cycle has occurred. To 
2 determine whether to utilize the data output from first filter 202, second filter 204 and third 
; filter 206, digital filter circuit 200 can also include a switching mechanism 208. To facilitate 
i-* an understanding of switching mechanism 208, Figure 2 provides a symbolic representation 
that illustrates switches SI, S2 and S3 suitably configured with filters 202, 204 and 206. 
However, in accordance with this embodiment, switching mechanism 208 need not comprise 
a switching device, but instead can suitably comprise any method, step, function or other 
mechanism for providing for the suitable selecting of output data from a filters 202, 204 and 
206 to provide a composite filter output. For example, switch mechanism 208 can comprise 
a function or mechanism within a digital signal processor configured to suitably select an 
output from any one of filters 202, 204, and 206, with the output data of any remaining 
unselected filters ignored by switching mechanism 208. As a result of selecting the desired 
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filter 202, 204 or 206 to provide the output, composite digital filter circuit 200 can provide a 
faster settling time than a single filter configuration, such as a single sinc 3 -type filter. 
[0034] With reference to Figure 3, an exemplary graph depicting the performance of 

composite digital filter 200 versus the performance of a single sine 3 filter having three delay 
is illustrated. During initial operation of digital filter circuit 200, an input channel, for 
example a first channel, can be providing input signals from a multiplexor for sampling by a 
modulator. The output of the modulator can be suitably provided to filters 202, 204 and 206 
to provide a filtered output. In this exemplary embodiment, first filter 202 is suitably 
configured to provide valid data from the first channel after a first data cycle, second filter 
. 204 is suitably configured to provide valid data from the first channel after a second data 
cycle, and third filter 206 is suitably configured to provide valid data after a third data cycle, 
~ i.e., a storage component of third filter 206 is full of sampled data from the first channel after 
a third data cycle. 

[0035] As illustrated by Figure 3, upon the switching of an input channel, the data output for 

, J a single sinc-type filter, e.g., a three-delay filter such as a sinc 3 -type filter, cannot provide a 
valid data value 3 10 until a third data cycle has been observed. However, in accordance with 
this exemplary embodiment of the present invention, upon the switching of the input 
channel, valid data can be obtained after a single data cycle by a composite filter comprising 
first filter 202 and second filter 204. For example, upon the switching of the input channel 
to a second channel, digital filter circuit 200 is configured such that switching mechanism 
208 selects the output of first filter 202, e.g., switch SI closes, and valid data can be output 
from filter 202 after the first data cycle. In other words, filter 202 comprises only sampled 
data from the second channel. For example, with reference to Figure 3, digital filter 200 can 
provide a valid data value 302, which is significantly closer to the actual data of the second 
channel than a data value 304 provided by the single sinc 3 -type filter. In addition, after the 
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first data cycle, a storage component of second filter 204 suitably comprises one-half data 
from the first channel, with the remaining previous one-half of the data from the first channel 
shifted out and replaced with one-half data from the second channel. Meanwhile, a storage 
component of third filter 206 comprises two-thirds of data from the first channel, and the 
remaining one-third of old data from the first channel shifted out and replaced by one-third 
of data from the second channel, i.e., the storage component of third filter is one-third full of 
valid data from the second channel. 

[0036] After a second or later clock cycle, digital filter circuit 200 is configured such that 

switching mechanism 208 selects the output of second filter 204, e.g., switch S2 closes, and 
.3 valid data can be output in an output data signal from filter 204, i.e., filter 202 comprises 
-j only sampled data from the second channel collected during the first and second clock 
;Z cycles. Accordingly, digital filter 200 can provide a valid data value 306, which is 
appreciably closer to the actual data of the second channel than a data value 308 provided by 
the single sinc 3 -type filter, or by a single sinc^type filter (not illustrated). Meanwhile, third 
filter 206 comprises a one-third of data from the first channel, and the remaining two-thirds 
I"* of data from the second channel, i.e., the storage component of third filter is two-thirds full 
of data from the second channel. 

[0037] Upon waiting for a third or later clock cycle, digital filter circuit 200 is configured 

such that switching mechanism 208 selects the output of third filter 206, e.g., switch S3 
closes, and valid data value 310 can be output from filter 206, i.e., all of the old data from 
the first channel has been shifted out and filter 206 comprises sampled data only from the 
second channel. Thereafter, as long as the multiplexor is providing data from the second 
channel, switching mechanism 208 can maintain third filter 206 suitably selected to provide 
the filtered output to the analog-to-digital filter. 
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[0038] Accordingly, through operation of an exemplary composite digital filter circuit 200, a 

faster-settling time can be realized upon the changing of an input channel in a multiplexor, as 
compared to prior art filter techniques using a single filter, such as a single sinc 3 -type filter. 

[0039] While the exemplary embodiment of a composite digital filter 200 comprises a three- 

filter configuration in the parallel arrangement, additional filters can be included within the 
parallel arrangement. For example, a fourth filter comprising a four-delay or higher filter 
can be configured in the parallel arrangement with filters 202, 204 or 206. Moreover, any 
other number of N filters comprising an Nth-delay filter can be configured within the parallel 
arrangement of digital filter circuit 200. Accordingly, upon reaching the Nth cycle of data, 
J switching mechanism 208 can be suitably configured to select the output of the Nth filter to 

.3 provide the filter output to the analog-to-digital converter. 

fft 

[0040] In addition, depending on the order of any modulator coupled to digital filter circuit 

200, in accordance with an exemplary embodiment, at least one filter comprises a delay 
1 = configuration one delay higher than the order of modulator, e.g., if a 3 rd order modulator is 
^ utilized, a 4 th delay filter will be utilized in digital filter circuit 200. While even higher delay 
filters can be utilized, filters having more than one delay higher than the order of the 
modulator may be an unnecessary use of resources. Moreover, while digital filter 200 
configured with a 3 rd order modulator may comprise four filters having, for example, a 1 st 
order delay, a 2 nd order delay, a 3 rd order delay, and a 4 th order delay, more or less filters can 
be utilized. For example, when configured with a 3 rd order modulator, digital filter 200 may 
include only two filters, e.g., a first filter with a 1 st delay configuration or 2 nd delay 
configuration, and a second filter with a 4 th delay configuration. 
[0041] As discussed above, composite digital filter circuit 200 is suitably configured to 

select the valid output data from one of the at least two filters in parallel. Depending on 
which filter path is selected, different gains may exist. In other words, the gain from the 
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input of a filter to the output of a filter is a function of the filter characteristics, and thus 
different delay filters usually have different gain characteristics. However, in accordance 
with various other exemplary embodiments, it may be desirable for the gain of each filter to 
be identical to the gain of another filter. Thus, in accordance with another aspect of the 
present invention, the gain of each filter path is suitably matched to the gain of any other 
filter path in the digital filter circuit to provide a filter output having an equalized gain 
regardless of the filter path selected. In accordance with this aspect of the present invention, 
a filter path is suitably configured with a multiplier component such that an equalized gain is 
realized for each filter path. 
[0042] For example, with reference to Figure 4, an exemplary composite digital filter circuit 

V 400 having equalized gains is illustrated. Although additional or fewer filters as well as 
different filter types can be included within digital filter circuit 400, in accordance with an 
exemplary embodiment, digital filter circuit 400 comprises a first filter 402 comprising a 
• ; sinc-type filter, e.g., a sine 1 filter or fast sine 2 filter, a second filter 404 comprising a sine 2 
^ filter, and a third filter 406 comprising a sine 3 filter, with each filter 402, 404 and 406 
i ,A suitably configured in a parallel arrangement. First filter 402 is configured with a first gain, 
such as, for example, DR 2 /4, second filter 404 is configured with a second gain, such as DR 2 , 
and third filter 406 suitably comprises a third gain of DR 3 . The symbol DR is indicative of 
the decimation ratio, and illustrates that the gain component is a function of the decimation 
ratio. In addition, these gain configurations are mere illustrative of exemplary gains for 
filters 402, 404 and 406, and other gain configurations can also be suitably implemented in 
accordance with other exemplary embodiments. 
[0043] In accordance with this embodiment, to provide an equalized gain for each gain path, 

for example an equalized gain of DR 3 , digital filter circuit 400 suitably includes two 
multipliers configured within the paths of filters 402 and 404. Accordingly, a first multiplier 
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of 4DR, e.g., a gain of four times the decimation ratio, is configured with first filter 402 to 
multiply the first gain of DR 2 /4, thus resulting in an equalized gain of DR 3 . In addition, a 
second multiplier of DR is configured with second filter 402 to multiply the first gain of 
DR 2 , thus also resulting in an equalized gain of DR 3 . As a result of the first and second 
multipliers, the resulting filtered output will provide an output signal having an equalized 
gain regardless of the filter path selected. 

[0044] While first and second multipliers are shown configured within the filter path of each 

filter 402, 404 and 406, it should be noted that other arrangements can be realized. For 
example, first and second multipliers can be suitably configured downstream, such as after 
- the filtered output. Accordingly, any implementation configured for normalizing the 
: difference in the gains of the digital filters can be realized. 

[004§] In addition, it should be noted that the above embodiment illustrating a first and 

second multiplier is merely exemplary, and that additional or fewer multipliers can be 
' i suitably included within various other exemplary embodiments. For example, first filter 402 
could be configured with a first multiplier of 4, and third filter 406 could be configured with 
a second multiplier of 1/DR, such as to yield an equalized gain of DR 2 , regardless of the 
filter path selected. In addition, second filter 402 could also include a third multiplier if 
desired. Accordingly, any number of multipliers having any gain value that can facilitate the 
normalization of gain functions in each filter path can be implemented in accordance with 
various exemplary embodiments of the present invention. 

[0046] As discussed above, composite digital filter circuit 400 is suitably configured such 

that digital filters 402, 404 and 406 are configured in a parallel arrangement. This parallel 
arrangement can comprise each filter 402, 404 and 406 suitably connected to the output of a 
modulator and to the filter output terminal for interfacing to an analog-to-digital converter. 
However, this parallel arrangement can also comprise an arrangement configured to facilitate 
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a reduction in the layout area required, such as by the sharing of various components within 
the digital filters. 

[0047] For example, with reference to Figure 5, a composite digital filter circuit 500 is 

illustrated which comprises a sine 1 filter, a sine 2 filter and a sine 3 filter configured in a 
parallel arrangement. The sine 3 filter suitably comprises three integrators configured in 
series with three differentiators. While the sine 2 filter can suitably comprise two separate 
integrators in series with two differentiators, in accordance with an exemplary embodiment, 
the sine 2 filter is suitably configured to share two of the integrators with the sine 3 filter 
configuration. Moreover, the sine 1 filter is suitably configured to share one of the integrators 
;i with the sine 3 filter configuration. As a result of the sharing arrangement, the layout area 

rll 

, j required for digital filter circuit 500 is suitably reduced. In addition, a power savings can be 

\J\ suitably realized from the reduction in hardware. 
I® 0 ** 8 ] As discussed above, a composite filter configuration comprising a one-delay filter, a 

\ two-delay filter and a three-delay filter, such as a sine 1 filter, a sine 2 filter and a sine 3 filter, 

fZ 3 can suitably facilitate a faster-settling time that can be realized upon the changing of an input 
channel in a multiplexor, as compared to prior art filter techniques using a single sinc 3 -type 
filter. While this arrangement can provide a very desirable operation, the low noise 
distortion characteristics of the one-delay filter may be further improved in accordance with 
various other exemplary embodiments of the present invention. For example, the one-delay 
filter can be suitably replaced with a higher-order delay filter configured with a lower 
decimation rate. 

[0049] With reference to Figure 6, another exemplary embodiment of a composite digital 

filter circuit 600 suitably comprises a first filter 602 comprising a higher-delay filter, 
configured in a parallel arrangement with a second filter 604 and a third filter 606. In 
accordance with this exemplary embodiment, first filter 602 suitably a two-delay filter, for 



Attorney Docket 38880.2200 
1042345 



16 



EXPRESS MAIL NO. EL426885543US 

example a sine 2 filter. In addition, digital filter circuit 600 suitably comprises a second filter 
604 comprising a two-delay filter such as a sine 2 filter, and a third filter 606 comprising a 
three-delay filter, such as a sine 3 filter. Further, while first filter 602, second filter 604 and 
third filter 606 can suitably configured in other parallel arrangements, in accordance with 
this exemplary embodiment, filters 602, 604 and 606 are suitably configured in a sharing 
arrangement, i.e., various of the integrator components of third filter 606 can be suitably 
shared with filters 602 and 604. 

While first filter 602 and second filter 604 can both be configured as sine 2 filters, 
first filter 602 can also be configured to provide a faster output data rate than second filter 
604. For example, digital filter circuit 600 can be suitably configured with different 
decimation ratio components configured to facilitate a faster output data rate for one filter 
versus another similarly configured filter. In accordance with an exemplary embodiment, 
second filter 604 and third filter 606 can be suitably configured with a decimation ratio of N, 
while first filter 602 can be configured with a lower decimation ratio, such as a ratio of N/4. 
As a result, first filter 602 can be suitably configured to decimate one-fourth as many 
samples as decimated by second filter 604, e.g., if second filter 604 receives 200 samples 
prior to providing a filtered output, first filter 602 can be configured to receive 50 samples 
prior to providing a filtered output. 

While a one-fourth decimation ratio adjustment is illustrated, any other ratio 
adjustment configured to provide first filter 602 with a lower decimation ration can be 
utilized. Accordingly, first filter 602 can be suitably configured to operate at a faster output 
data rate than second filter 604. However, first filter 602 can also provide better resolution 
than a one-delay filter, such as a sine 1 filter. 

The above exemplary embodiments of digital filter circuits are suitably configured 
for operation in various environments. While the conditions can vary in each, in many 
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industrial applications, various equipment and devices can generate noise existing at 60 Hz 
that can provide significant interference to the digital filter circuits. To address the problems 
created by the 60 Hz noise components, a notch filter can be suitably implemented within 
the digital filter circuits. For example, with reference to Figure 7, a sine 2 and a sinc3 filter 
response are illustrated which depict the notches occurring at every 60 Hz. In addition, the 
decimation rate and the overall clock rate can be suitably selected to provide a notch in the 
filter response to reduce or eliminate the impact of the 60 Hz noise components. 
[0053] With respect to the faster filter 602 illustrated in Figure 6, which includes a lower 

decimation rate, a 60 Hz notch would be moved outside the region for effectively reducing 
:% the 60 Hz noise component, for example to four times the 60 Hz notch, or a 240 Hz notch. 
=,3 However, in accordance with an exemplary embodiment, digital filter circuit 600 can also be 
j.1 suitably configured such that first filter 602 is suitably configured with a notch filter 608. In 
; n accordance with this embodiment, notch filter 608 is suitably configured to replace the first, 
'Cl third and other odd harmonic notches of first filter 602. Accordingly, with the 
q implementation of notch filter 608, first filter 602 can also be suitably configured to provide 
a notch at 60 Hz, as illustrated in Figure 7. In other words, instead of having only a single 
notch at 240 Hz due to the decimation ratio of N/4, the response of first filter 602 suitably 
includes a notch at 60 Hz, as well as 180 Hz and 240 Hz. 
[0054] As a result of the various components, including integrators and differentiators and 

notch filters, a transfer function can be suitably provided which predicts the output 
characteristics of digital filter circuit 600. For example, the transfer function in the Z 
domain for each of filters 602, 604 and 606 can suitably comprise: 
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Sine 2 :H(z) = 



Sinc2:H(z)= 



0 -O ' 
(1-z- 1 ) 



C-* 4 ) 



(i+z 2 ) 



[0055] The present invention has been described above with reference to an exemplary 

embodiment. However, those skilled in the art will recognize that changes and 
modifications may be made to the exemplary embodiment without departing from the scope 
of the present invention. For example, the various components may be implemented in 
J 2 alternate ways, such as, for example, by hardware or software implementations, e.g., the 

f y digital filtering could comprise dedicated hardware for performing the filtering functions, or 

j =5 a programmable digital signal processor can be provided with software routines to perform 

the filtering functions. These alternatives can be suitably selected depending upon the 
?n particular application or in consideration of any number of factors associated with the 

ji operation of the system. In addition, the techniques described herein may be extended or 

! r* modified for use with other components besides an analog-to-digital converter. These and 

other changes or modifications are intended to be included within the scope of the present 
invention, as expressed in the following claims. 
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